The present study is aimed at investigating the combined effects of colloidal nanosilica (CNS) and fly ash on the properties of cement-based materials. The fresh and hardened properties of mixtures with CNS of 10 nm size and two Class F fly ashes were evaluated. Results revealed that CNS accelerates the setting of fly ash-cement systems by accelerating cement hydration, while fly ash can offset the reduction in fluidity caused by CNS. The early-age strength gain (before 7 d) of fly ash-cement systems was improved by CNS. However, the strength gain of mixtures with CNS diminished at later ages (after 28 d), where strength was eventually comparable to or exceeded by mixtures without CNS. Results showed that lack of Ca(OH) 2 , which results from the high pozzolanic reactivity of CNS at early ages, and the hydration hindrance effect of CNS on cement at later ages can be the critical reasons.
Introduction
Fly ash is the most widely used industrial waste product in the cement and concrete industry. It introduces many advantages, including lower cost, increased flowability [1] , increased durability, and improved strength gain at later ages. However, delays in early-age strength gain and setting times are considered to be major drawbacks [2] [3] [4] . Although these delays are desirable for some applications, such as in mass concrete [5] , in most cases this delay is undesirable. To compensate for this shortcoming, many methods have been explored to accelerate the early-age hydration of fly ash-cement systems, including mechanical grinding [6] , chemical activation [7] , mechanochemical treatment [8] and hydrothermal treatment [9, 10] .
In recent years, nanosilica has been introduced into cement and concrete research. Multiple studies have shown that even at small dosages, nanosilica can improve the mechanical properties of cementitious materials [11] [12] [13] . According to Nazari and Riahi, a 70% compressive strength improvement of concrete can be achieved with an addition of 4% nanosilica by mass of cement [11] . In a separate study, Shih et al. showed that a 0.6% colloidal nanosilica addition can improve the compressive strength of cement paste by 43.8% [12] . And Li et al. found that when 3% and 5% nanosilica were added to plain cement mortar, compressive strength increased by 13.8% and 17.5% at 28 d, respectively [13] . For the high pozzolan replacement cementitious materials, Zhang et al. [14, 15] found that the physical and mechanical properties of high-volume fly ash/slag systems can be greatly enhanced. Li's results [16] showed that nanosilica improved the compressive strength of 50% fly ash replacement concrete by 7% after 2 years hydration.
There are two important problems to be considered regarding using nanosilica powder. One important consideration is dispersion. Intensive mechanical/ultrasonic dispersion and/or surface treatment were applied in the aforementioned studies. Failing to achieve proper dispersion will cause a negative effect on the strength evolution process [11] . Another problem that should be taken into consideration in using nanosilica is the decrease in fluidity, due to its high surface area to volume ratio and increased water demand. In considering the two constituents (fly ash and nanosilica), the benefits of each material can help counteract the shortcomings of the other: reactive nanosilica can improve the early-age mechanical properties while fly ash can improve flowability. Regarding the issue of dispersion, water-based colloidal nanosilica (CNS) can be used in place of nanosilica powder.
Although it has been well-documented that nanosilica can significantly improve the early-age mechanical properties of cementitious materials and the improvements are attributed to the nucleation seeding effect and pozzolanic reactivity of the nanoparticle [17] , there are some results that show nanoparticles can have an adverse effect on later-age strength gain [11, 18, 19] . Very recently, Berra et al. [20] investigated the influence of mixing procedures on the rheological and mechanical properties of nanosilica-added cement-based materials and stated that the instantaneous formation of gel upon nanosilica's meeting cement solution and superplasticizer would adversely affect its influence on the property evolution of cement-based materials. However, very few studies regarding the combined effects of CNS and fly ash on the fresh properties and the effects of nanoparticles on later-age mechanical properties have been completed [21, 22] .
In this work, the effects of CNS on the fresh and hardened properties (early and long-term) of fly ash cementitious materials were studied. Factors affecting these properties, such as fly ash class/ replacement ratio and CNS dosage were investigated. Moreover, reasons governing the mechanical property evolution characteristics of CNS-added high-fly ash replacement cementitious materials were studied.
Experimental

Raw materials
The CNS is produced by the sol-gel technique. In this technique, the nanoparticles are formed by the condensation and polymerization of SiO 2 monomers that form through hydrolysis of trimethylethoxysilane or tetraethoxysilane -the commonly used precursors for synthesis of nanosilica. Eq. (1) can be used to summarize the nanosilica synthesis process. When drying is applied to the produced gel, a nanosilica powder can be obtained [19] . In this study, a water-based and sodium-stabilized CNS with an average particle size of 10 nm (CNS-10) was used. The basic properties, as provided by the manufacturers of the CNS, are listed in Table 1 [23]. Transmission electron microscopy (TEM) images of CNS-10 in Fig. 1 show that although most of the CNS particles are evenly distributed, some are still agglomerated, which may be due to the sample preparation technique
A type I Portland cement with a Blaine fineness of 385 m 2 /kg and a 28 d compressive strength of 45.1 MPa was used in this study. Two fly ashes (Table 2) , which vary greatly in calcium oxide content, were used: 8.4% for fly ash 1 (FA1) and 1.46% for fly ash 2 (FA2). Although according to ASTM C618 [24] both fly ashes fall under class F, the difference in aluminosilicate/ferrite content (SiO 2 % + Al 2 O 3 % + Fe 2 O 3 %) is significant, indicating that the vitreous constituents that are the source of pozzolanic reactivity are different. This assumption was verified by X-ray diffraction (XRD) results, shown in Fig. 2 . It can be seen that the diffusive diffraction background of FA2 is greater than that of FA1 in the two theta range of 20-35°, in which the main phases are aluminosilicates. This indicates that the aluminosilicates amorphous phase content of FA2 is greater. This difference should be reflected by the pozzolanic reactivity of the fly ashes [4] . Fig. 2 also indicates that there are more crystalline phases in FA1 than in FA2. This may be due to the difference in CaO content, which can greatly influence the pozzolanic reactivity [25] .
The water demand ratios of FA1 and FA2 are 93% and 98%, respectively. It is shown in the scanning electron microscopy (SEM) images of the fly ashes (Fig. 3 ) that FA1 are round in shape and contain very few impurities, while FA2 contains some porous particles. From the LOI values listed in Table 2 , as well as the morphological characteristics of the fly ash components, it is deduced that the porous substance is carbon [26] . The water demand ratio and SEM images of the fly ashes suggest that FA1 has a higher water reducing effect than FA2. Other parameters of the raw materials are also shown in Table 2 . Water requirement ratio H: water required (compared to that of plain mortar) for 30 wt.% fly ash replaced cement mortar to achieve the same fluidity with that of plain mortar.
Mixture proportions
Three dosages of CNS addition (0%, 2.25% and 5% (solid state) by mass of binder) and three levels of cement replacement with fly ash (20%, 40%, and 60% by mass) were used. Water to binder (w/ b) ratios of 0.41 and 0.35 by mass were used to investigate rheological and setting properties, respectively. (When calculating the w/b ratio, the water content of the CNS was appropriately considered.)
A w/b ratio of 0.5 and a binder-to-sand ratio of 1/3 were used for all mortar mixtures. Raw materials were dry mixed for 1 min at low speed to obtain a homogenous mixture, wet mixed at low speed for another minute, and then mixed at medium speed for 3 min. As CNS was in a water base, it was hand-stirred in the mixing water prior to adding the other materials, to achieve a homogeneous solution and the small strength variation of replicate samples (shown in the results section) indicated that a homogeneous mixing has been achieved.
To sustain a constant water-to-binder ratio, the replacement of fly ash and addition of CNS were on a mass basis, which, however, may introduce differences in the water volume fractions in the mixtures with the addition of CNS due to its density difference to that of the other powders. As calculated in Ref. [22] , the difference in water volume fraction of mixtures with and without CNS at the same fly ash replacement ratio is very slight; the influence of water volume fraction differences on the properties of mixtures of the same fly ash replacement ratio with and without CNS is therefore considered to be negligible. However, the difference in water volume fraction between the control mixture without fly ash and those with fly ash is more significant, due to the specific gravity of the cement being about 3.1, while those of the fly ashes are near 2.3.
Setting time
ASTM C191 [27] was followed and a manual Vicat apparatus was used to determine the initial and final setting time of pastes. Setting times were determined from the time-Vicat needle penetration depth curve.
Shear rheology and fluidity
A temperature-controlled rheometer with a coaxial cylinder geometry was used to measure the shear rheological properties of pastes. The inner and outer cylinders were 10 mm and 10.85 mm in diameter, respectively. Although the 'wall slip' effect of the coaxial cylinder rheometer will affect the accuracy of the absolute rheological values [28] , the comparison of the relative rheological data can still adequately reflect the effect of CNS on the rheological properties of the system. Plastic viscosities and yield stresses were obtained using the Bingham model:
where s is the shear stress, s 0 is the yield stress, l p is the plastic viscosity and c is the shear rate. In the previous study, it was found that after mixing for 8 min, cementitious pastes would acquire a stable shear strain-stress curve. So in the real tests, the raw materials were first dry-mixed for 1 min and then wet-mixed for 8 min. The CNS was first hand-stirred in the mixing water to facilitate dispersion. The shear rheological protocol and typical flow curve obtained are given in Figs. 4 and 5. The coefficients of variation of the plastic viscosities and yield stress of three replicate samples were about 10-15% and 20%, respectively. Following ASTM C230 [29] , the fluidity of mortar was measured using a flow table.
Compressive strength
ASTM C109 [30] was followed to measure the compressive strength of mortar by using a 4448 kN MTS hydraulic test machine.
For each mixture at each age, three U5.08 cm Â 10.16 cm cylindrical samples were tested and the average value was taken to be the representative strength. To evaluate the effect of CNS on the strength evolution of fly ash-cement systems, the compressive strength ratio at each curing age was calculated using the following equation:
where R is compressive strength ratio, %, f i is compressive strength of fly ash mortar with various dosages of CNS, and f c is compressive strength of plain cement mortar.
An R value greater than 100% indicates a higher strength than that of plain cement mortar. The slope of the R curve shows the strength evolution rate compared to that of plain mortar. By comparing R, the influence of fly ash and CNS on strength evolution can be determined. All samples were water-cured at room temperature beginning at 24 h after casting.
Hydration degree of cement at later ages
Image analysis of graphs obtained from backscattered electron microscopy technique (BSE, Hitachi S-3400) was used to evaluate the hydration degree of cement paste at later ages. The intensity of the BSE signal is mainly a function of the average atomic number of the local area of the sample. During hydration, water is incorporated into unhydrated cement particles and lowers the average atomic number of the hydrates, and thus strong imaging contrast of unreacted (anhydrous) and reacted component (hydrates) can be obtained [31] and the hydration degree can be evaluated through image analysis.
Before testing, a thin sample section of approximately 5 mm was cut out of the specimen cast in a 2 cm Â 2 cm Â 8 cm mold and mounted on a metal sample holder for polishing. Samples were polished using silicon carbide paper of gradations 22 lm, 14.5 lm, and 6.5 lm, and the polishing time of each step was 5 min. In the final step, the polished samples were ultrasonically cleaned in water for 1 min using a bath sonicator to remove polishing debris from the sample surface. Then, the sample was soaked in acetone for 1 d before being vacuum-dried at 50°C for 12 h. Samples were coated with 20 nm of gold to provide a conductive surface. To accurately evaluate the hydration degree, five BSE images were taken to do image analysis and they were averaged as the representative value of each sample. At the same time, the smallest magnification of 100X was used to obtain an image with the largest practical field of view.
Ca(OH) 2 content
Thermogravimetric analysis (TGA, TGA/sDTA 851) was carried out to measure the Ca(OH) 2 content of samples. The weight loss between 440°C and 510°C was considered to be due to the decomposition of Ca(OH) 2 . Before measuring, powder samples were oven-dried at 105°C for 4 h.
Rate of hydration
The hydration temperature was measured by a semi-adiabatic calorimeter to assess the effect of CNS on the hydration heat of cement pastes. Samples were prepared at a constant w/b ratio of 0.4 by mass, with 100 g of cement and 40 g of mixing water at a temperature of 27°C. Mixtures were cast in U5 cm Â 10 cm plastic cylinders within 3 min after initial cement and water contact. The sample was then covered, placed in the calorimeter, and the temperature of the sample was recorded every 3 min for 20 h. nanosilica on the reduction of setting times of fly ash-cement systems was also obtained by other researchers [14, 15] . The shortened setting time of cement-fly ash pastes with CNS can be accounted for by the accelerating effect of the CNS on cement hydration [17] . It was found that the dissolution and precipitation processes of cement particles and hydrates were accelerated by CNS at the beginning of reaction, and thus the hydration and hardening of cementitious materials were enhanced [21] . The acceleration effect was demonstrated in Fig. 7 in that both the hydration temperature peak and hydration rate (shown as the 1st Dev. of the temperature curve) were increased.
Results and discussions
Setting time
Rheological properties
The viscosities of fly ash-cement pastes with and without CNS-10 are shown in Fig. 8 . For the plain cement paste without CNS, the addition of fly ash increased viscosity, but it did not increase proportionally with the replacement ratio. For all mixtures, the addition of CNS led to an increase in viscosity. The increase is more significant for plain cement pastes, where the viscosity of the 5% CNS paste was 4.3 times that of the 0% CNS paste. But, for fly ash-cement pastes, the viscosities of the 5% CNS pastes were about 2.5 times greater than those of the 0% CNS pastes. It is also shown that the viscosity of fly ash-cement paste with CNS increased almost linearly with CNS dosage. For plain cement paste, however, the increase in viscosity was more marked, being between 2.25% and 5%. Other work [32] showed only a slight increase in viscosity when CNS dosage was within 2.5 wt.%, as well. Furthermore, it is shown in Fig. 8 that the viscosities of the 5% CNS FA1 cement pastes were almost the same as that of the 5% CNS cement paste. For FA2 cement pastes, these values were lower. To explore the reason for the difference of the effects of CNS on the viscosity evolution of the pastes, the CNS adsorption behaviors of the two fly ashes were studied. This behavior was studied through measurement of the solid concentration of a CNS solution of known concentration after it has been mixed, stirred and centrifuged within a fly ash solution with a fly ash-towater mass ratio of 0.5. The CNS adsorption capacity of fly ash was determined as the CNS concentration loss after these processes. It is shown in Fig. 9 that little CNS was adsorbed by FA1, while more than 40% was absorbed by FA2. This may be due to the differences of particle size distribution, morphology, and mineralogy of the two fly ashes. The adsorption of CNS on fly ash surfaces may lead to a more serious agglomeration of the particles and a bigger floc size, which was reported as a factor enhancing the viscosity of the materials [33, 34] . The influences of CNS on the yield stress of the fly ash cement pastes are shown in Fig. 10 . It is shown that for each mixture proportion the addition of CNS leads to an increase of the yield stress. For example, the yield stresses of 5% CNS-added FA1 pastes are about six times that of the 0% CNS paste. The yield stress reflects the interparticle forces bonding the particles. As CNS adsorbs water, the particle interlocking becomes greater and the yield stress increases [35] . When comparing the yield stress of fly ash pastes with those of plain cement pastes, it is shown that for most cases, the yield stress of fly ash cement paste is smaller than that of plain cement paste and the higher replacement ratio of fly ash the smaller the value. This is due to the hydraulic-inertness and lack of flocculation of the fly ash particles, which decreases the interparticle bond of the pastes. The higher yield stresses of 2.25% CNSadded FA1 pastes than that of plain cement paste can be due to the high CNS adsorption capacity of FA1. Fig. 10 also reveals that the increases of yield stresses of the two fly ash pastes with the addition of CNS are different and this may be due to the difference of the CNS-adsorption characteristics of the two fly ashes as noted previously.
Mortar fluidity
The effect of CNS dosage on the fluidity of fly ash-cement mortars is shown in Fig. 11 . For FA1 mixtures, the fluidity increased with fly ash replacement. However, when CNS was used, the fluidity was greatly decreased. The greater the amount of CNS, the greater is the reduction in fluidity. A 25% decrease in slump flow was seen in both FA1 and FA2 mixtures when 5% CNS was added. The reduction in fluidity can be attributed to the increased water demand of the CNS.
It is also shown in Fig. 11 that the fluidity of both fly ash mortars increased with the increase of fly ash dosage, regardless of CNS addition. With the same replacement ratio, the plain FA1 mortar had a higher fluidity than the FA2 mortar and this is due to its greater water reducing effect. When CNS was added, the fluidity reduction was more significant for FA1 mortars. For example, for the 20% fly ash-replaced mortar, when 5% CNS was added, FA1 mortar fluidity decreased from 205 mm to 125 mm, while for FA2 mortar, a smaller reduction, from 195 mm to 130 mm can be seen. This may also be due to the difference of CNS adsorption capacity of these two fly ashes. From the above results, it can be seen that fly ash can offset the decrease in flowability of mortar caused by the addition of CNS. 
Mortar strength development 3.4.1. CNS-cement mortar strength
The effect of CNS on the compressive strength gain of plain cement mortar is shown in Fig. 12 . The compressive strength ratios of both 2.25% and 5% CNS mortars were higher than those of control mortar specimens for ages up to 28 d of curing, showing that CNS can improve the mechanical properties of plain cement mortar. This is due to the hydration acceleration effect of CNS on cement and the pozzolanic reaction of CNS, as well-documented. It is also shown in Fig. 12 that the strength improvement decreased with time. At 28 d, the 0% and 5% CNS mortars exhibited comparable compressive strengths. However, at 3 months, the compressive strength of the 5% CNS mortar was lower than that of the plain mortar. Although similar results were obtained [11, 18, 19] , no specific research was conducted to explore the reason. This work investigated the effect of CNS on the hydration of cement of a practical dosage. The hydration degree of the cement at an age of 3 months was evaluated by BSE image analysis as shown in Fig. 13 : the white particles are the unhydrated cement particles [31] . It is shown that the unhydrated cement particles of the 0% and 5% CNS-added cement pastes occupy 3.7% and 6.4% of the entire image area after 3 months hydration, respectively, which implies that cement hydration at later ages is hindered in CNS-added systems. A coating of hydrates has been observed on unhydrated cement particles of 23% CNS-added C 3 S paste, which is considered to be less permeable and hinders C 3 S hydration at later ages [36] . This may be the reason why there is an optimal nanoparticle dosage in cementitious materials [11] . From the perspective of relieving the hydration hindrance effect of nanoparticles on cement, it seems better to use a finer cement. Kontoleontos et al. [37] studied the effects of nanosilica on the mechanical properties of mortars prepared by ultra-fine cement and results showed that the compressive strength enhancement trend keeps increasing within 28 d, but the longer age properties were unknown. It was also revealed in Fig. 12 that the dosage of nanoparticle should not be high when the property enhancement at early ages is not the primary concern to ensure that no significant hydration hindrance effect occurs at later ages. More fundamentally, nanoindentation results obtained by Zyganitidis [38] showed that the additions of 0.3% and 0.5% nanosilica powder resulted in a slight reduction of elastic modulus. However, some contrary results were obtained by Gaitero [39] and Mondal [40] . More investigations are necessary to determine the effects of CNS on cement hydration and the gel properties, especially at later ages.
When compared to plain cement mortar, fly ash replacement cementitious materials are different in physical and chemical properties, hydration characteristics, etc. The influence of CNS on the mechanical properties of fly ash mortars was investigated and factors affecting the strength evolution, i.e., CNS dosage, fly ash types and replacement levels, were analyzed. The influence of CNS on the strength evolution of fly ash mortar was studied and it was also correlated to the physiochemical properties of CNS.
CNS-fly ash mortar strength -effect of CNS dosage
Results showing the effects of CNS dosage on the strength gain of FA1 mortars are shown in Fig. 14 .
For 0% CNS mortars at each fly ash replacement level, R was less than 100% and increased with curing ages. This indicates that fly ash greatly reduces the strength gain of cement mortar, especially at early ages. When CNS was added, the early-age strength (1 d, 3 d, and 7 d) was enhanced. However, by 3 months (3 m) the strengths of CNS-fly ash mortars were exceeded by those of fly ash mortars without CNS, indicating that CNS had negative effects at later ages. Apart from the hydration hindrance effect of CNS on cement at later ages shown in Section 3.4.1, another critical characteristic of CNS-added fly ash-cement systems, namely the high Ca(OH) 2 -consumption capacity of CNS, has rarely been taken into consideration to address this trend in strength evolution. Whether the extra Ca(OH) 2 consumption by CNS at early ages will adversely affect the later-age strength evolution introduced by the pozzolanic reaction of fly ash is unknown. Therefore, TGA was used to determine the Ca(OH) 2 contents of the CNS-fly ash-cement systems.
It is shown in Fig. 15 that in fly ash-cement pastes, at each age, the Ca(OH) 2 content of the 5% CNS paste was lower than that of the 0% CNS paste. The greater Ca(OH) 2 consumption of 5% CNS-added paste is due to the additional pozzolanic reaction of CNS. Moreover, it is interesting to note that more Ca(OH) 2 was consumed in the 0% CNS fly ash paste at later ages (28-56 d), indicating that further pozzolanic reaction of fly ash had occurred. The direct measurement of the pozzolanic reaction degree of fly ash at 7 months showed that only half as much fly ash is hydrated in CNS-added paste as that of the 0% CNS paste. Thus a lack of calcium hydroxide at later ages, which results in a lower hydration degree of fly ash, can be a contributing factor to the reduced rate in compressive strength gain of fly ash-cement systems with CNS at later ages.
Plots in Fig. 14 also show that the degree of early-age strength improvement is determined by the fly ash replacement ratio and CNS dosage. The improvement in strength by CNS compared to fly ash mortars without CNS was more significant for 40% and 60% fly ash mortars than for 20%. Considering the water volume fraction differences of the three mortars are very slight, i.e., 25.9%, 25.6% and 25.3% for 20%, 40% and 60% fly ash replacement mortars, respectively, results indicate that CNS is more effective for the activation of high fly ash replacement systems. Regarding the effect of CNS dosage on strength evolution, it is shown that 5% CNS can improve the strength two times as much as 2.25% CNS at early ages. It has been widely accepted that cement hydration is a type of dissolution-precipitation process and the nucleation rate is linearly proportional to the nucleating surface content [41] , thus a higher CNS content results in a higher early age strength. It is also shown that the higher the dosage of CNS, the greater the reduction in strength at later ages. This may be due to greater Ca(OH) 2 consumption at early ages, as well as a greater hydration hindrance effect of CNS at later ages.
3.4.3. CNS-fly ash mortar strength -effect of FA type As aforementioned, the chemical and mineralogical compositions of the two fly ashes are different. The difference was also demonstrated by their effect on the mechanical properties of mortar. The strength enhancing effects of CNS-10 nm on FA1 and FA2 were compared. It is shown in Fig. 16 that when compared to the FA1 mortar, the compressive strength of FA2 was less than that of FA1 in the first 7 d of curing. After 7 d, the mechanical properties of FA1 mortars were better developed than those of FA2. This may be attributed to the differences in CaO and amorphous content of the fly ashes, as described in the material characterization section. The chemical composition and the content of the glass phase are important factors for the pozzolanic reactivity of fly ash -a higher CaO content can lead to high early-age reactivity [4] and a higher amorphous content can supply more sources for pozzolanic reaction at later ages.
It can be observed that the compressive strength of 5% CNS, 20% FA2 mortar was greater than that of the control at 7 d and 28 d. At the same time, it is shown in Fig. 16 that the strength enhancing effect of CNS was sustained longer in FA2 mortar than in FA1 mortar. All these features may be due to the differing characteristics of the fly ashes.
Similar to what was observed in the FA1 mortars, the strength enhancing effect of CNS decreased at later ages in the FA2 mortar, as well. The 56 d compressive strengths of CNS-added FA2 mortars are comparable to those of non-CNS mortars.
Conclusions
The following conclusions can be drawn from the present study:
1. The addition of CNS greatly enhances the hardening process of fly ash-cement pastes. A paste with 40% fly ash replacement and 5% CNS addition exhibited comparable initial and final setting times as plain cement paste. 2. The incorporation of fly ash and CNS each increase the viscosity of cement pastes. However, there exists a threshold value for the CNS dosage above which the viscosities of fly ash-cement pastes become equal to or less than those of cement pastes without fly ash. The incorporation of fly ash offsets the decrease in flowability of mortars caused by CNS. 3. The early-age compressive strength of fly ash-cement mortars can be greatly improved by the addition of CNS: the higher the dosage, the greater the improvement. However, CNS adversely affects strength gain at later ages: the higher the dosage, the greater the reduction in rate of strength gain.
4. Calcium hydroxide consumption by the CNS at early ages and the hydration hindrance effect of CNS on cement at later ages are contributing factors to the gradual decrease in rate of strength gain exhibited by fly ash-cement systems at later ages.
The benefits of fly ash and CNS can help counteract the shortcomings of each other, however, the influence of CNS on the hydration of this system at later ages, as well as its influence on the resulting gel properties need more research. Methods of mitigating the hydration hindrance effect of CNS on cementitious materials at later ages are also needed.
